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ABSTRACT 

In eukaryotic cells, transgene expression levels may 
be limited by an unfavourable chromatin structure at 
the integration site. Epigenetic regulators are DNA 
sequences which may protect transgenes from such 
position effect. We evaluated different epigenetic 
regulators for their ability to protect transgene ex- 
pression at telomeres, which are commonly 
associated to low or inconsistent expression 
because of their repressive chromatin environment. 
Although to variable extents, matrix attachment 
regions (MARs), ubiquitous chromatin opening 
element (UCOE) and the chicken cHS4 insulator 
acted as barrier elements, protecting a telomeric- 
distal transgene from silencing. MARs also 
increased the probability of silent gene reactivation 
in time-course experiments. Additionally, all MARs 
improved the level of expression in non-silenced 
cells, unlike other elements. MARs were associated 
to histone marks usually linked to actively ex- 
pressed genes, especially acetylation of histone H3 
and H4, suggesting that they may prevent the 
spread of silencing chromatin by imposing acetyl- 
ation marks on nearby nucleosomes. Alternatively, 
an UCOE was found to act by preventing deposition 
of repressive chromatin marks. We conclude that 
epigenetic DNA elements used to enhance and sta- 
bilize transgene expression all have specific epigen- 
etic signature that might be at the basis of their 
mode of action. 

INTRODUCTION 

In the nucleus of eukaryotic cells, linear chromosomal 
DNA associates with histones and other proteins to 
form chromatin. Besides packaging DNA into a smaller 
volume, chromatin also serves as a mechanism to control 



DNA expression and replication (1). Numerous factors, 
including histone modifications, incorporation of histone 
variants and DNA methylation, affect the chromatin 
structure and therefore the accessibility of DNA to the 
transcription and replication machineries. The histone 
tails can be decorated with a number of modifications. 
Some of them, such as acetylation of histone H3 and H4 
or di/trimethylation of H3K4, are typically associated 
with active transcription and are therefore referred to as 
euchromatin modifications. On the other hand, modifica- 
tions such as trimethylation of H3K9, H3K27 or H4K20 
are commonly mapped on inactive genomic regions and 
termed heterochromatin modifications (1). 

Telomeres are regions of highly repetitive DNA that 
protect the ends of linear chromosomes from DNA 
repair or recombination (2). Generally, mammalian telo- 
meres are characterized by both hypoacetylation and 
hypermethylation of selected histone lysines. For 
instance, trimethylated lysine 9 of histone H3 
(H3K9me3) and H4K20me3, which are commonly found 
in constitutive heterochromatin, are highly enriched at 
telomeres (3). HP1 proteins, which display high affinity 
to H3K9me3, are also enriched at telomeres, where they 
may contribute to further compaction of telomeric and 
subtelomeric regions (4). Nevertheless, active histone 
modifications such as H2BK5mel and H3K4me3 were 
also found to be enriched at telomeres (5), possibly reflect- 
ing the fact that human and mouse telomeres are actively 
transcribed by RNA polymerase II into long non-coding 
RNAs termed TERRA (6). Therefore, and contrary to 
what was believed in the past, the current opinion is that 
telomeric chromatin is not typical constitutive heterochro- 
matin, although heterochromatic features prevail in the 
epigenetic landscape of telomeres (7). 

The subtelomeric DNA is heavily methylated at 
CpG dinucleotides, and inactivation of DNA 
methyltransferases from mouse embryonic stem cells 
results in telomeric instability (8). Similarly, in the 
absence of key histone methyltransferases such as 
SUV39H or SUV420, which are responsible of the 
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trimethylation of H3K9 and H4K20 respectively, the pre- 
vailing heterochromatic environment of telomeres is lost, 
with inauspicious consequence for telomere integrity 
(9,10). Telomere length is also an important factor for 
the maintenance of their epigenetic landscape, as a 
shorter length of the repeated DNA sequences leads to a 
decrease of heterochromatic marks such as H3K9 and 
H4K20 trimethylations and to an increase of histone 
acetylation (11). Recently, additional modifications were 
found to be associated with subtelomeric sequences, 
including H3K27me2/3 and H3R2mel (5). 

The particular chromatin environment of telomeres 
leads to a chromatin-mediated silencing of telomeric- 
proximal endogenous genes at their native location, as 
well as that of transgenes integrated at telomeric loci. 
This phenomenon, termed the telomere position effect 
(TPE), occurs in both lower and higher eukaryotes 
(12-15). Unlike yeasts where TPE has been associated 
with the combined actions of Sir proteins which spread 
from the telomeres along the chromosome (16), the mech- 
anism of mammalian TPE is not fully understood as yet, 
but it is known to involve SIRT6, a histone deacetylase 
member of the Sir2 family which specifically targets 
acetylated H3K9 and H3K56 (17,18). For instance, deple- 
tion of SIRT6 was shown to abrogate TPE in HeLa cells 
by disrupting the prevailing heterochromatic environment 
of telomeres (19). In addition, telomeric silencing has also 
been associated with the deposition of heterochromatic 
marks, such as the methylation of CpG islands at 
human subtelomeric regions by the DNA 
methyltransferase 3b (20). 

Upon transgene spontaneous integration into the host 
genome as in stable transfections, both nearby endogen- 
ous regulatory elements and the chromatin structure at the 
genomic locus of integration may affect transgene expres- 
sion, resulting in a position effect which often causes 
limited level of transgene expression (21). However, 
various epigenetic regulators that may partially 
overcome the position effect have been identified in differ- 
ent eukaryotic systems, and some have been successfully 
used in the expression of recombinant proteins in cultured 
cells or in gene therapy models (22). Among these 
elements, insulators or barrier elements have been 
proposed to partition the genome into discrete chromatin 
domains (23). An insulator may have enhancer-blocking 
activity — hence interfering with the enhancer-promoter 
communication when interposed between them (24) — 
and/or barrier activity, therefore preventing the spread 
of repressive heterochromatin over adjacent euchromatin 
domains (25). Consequently, insulators were shown to 
confer stability to the transgene expression overtime (26) 
and they are seen as promising tools to increase the safety 
of gene therapy vectors (27). Numerous insulators have 
been identified in different species, but the most exten- 
sively studied element is the chicken P-globin 5' hypersen- 
sitive site 4 (cHS4), a potent insulator which was shown 
to combine both enhancer-blocking and barrier 
activities (28). 

Matrix attachment regions (MARs) and scaffold at- 
tachment regions are A + T rich DNA of variable length 
that were originally found to bind the nuclear matrix or 



scaffold, a poorly understood protein structure within the 
cell nucleus (29). They are thought to organize eukaryotic 
chromatin into distinct regulatory domains by the forma- 
tion of 50-200 kb structural loops. It is estimated that 
more than 50000 MARs may be present in mammalian 
genomes (30). Although little sequence homology exists 
among MARs sequences besides an enrichment for AT 
bases, they must have an evolutionary conservation since 
MAR elements from one species are functional in another 
(31). The chicken lysozyme MAR was one of the first 
MARs to be shown to increase and sustain transgene ex- 
pression (32,33). Genome-wide studies resulted in the 
identification of new, more potent MARs, including the 
human MAR 1-68 and X-29 (30) and the murine MAR S4 
(34). Addition of a MAR to an expression vector has three 
consequences on the resulting stable cell populations: (i) 
the number of stably expressing cell clones increases; (ii) 
expression of the transgene is enhanced and stabilized 
upon long-term cell culturing; (iii) the variability in gene 
expression within a polyclonal cell population is reduced 
(33,35). It was proposed that gene expression may be 
increased by the interaction of MAR elements and en- 
dogenous enhancers, or that an active chromatin config- 
uration may be generated upon association to the nuclear 
matrix. It was also suggested that the AT-rich core may 
destabilize the double helix and thus promote transcrip- 
tion initiation (31), but the question of how MARs 
enhance gene expression has yet to be fully answered. 

STabilizing Anti-Repressor (STAR) elements are 
genetic elements proposed to counteract chromatin- 
associated repression effects, thereby leading to high and 
stable expression of transgenes (36). They were identified 
in a genetic screening where only cells containing genetic 
elements capable of blocking the spreading of heterochro- 
matin-related proteins such as HP1 could survive. STAR 
elements 7 and 40 were among the most effective members 
of this family. They form a novel class of genomic DNA 
elements which are highly conserved between human 
and mouse, whose size is smaller than MARs, and that 
can be combined with high-stringency selection system to 
rapidly create highly protein-productive mammalian cell 
lines (22). 

Ubiquitous chromatin opening elements (UCOEs) are 
regulatory elements derived from promoter-containing 
CpG islands of ubiquitously expressed housekeeping 
genes (37). It was proposed that regulatory elements 
from such promoters possess a chromatin-remodelling 
function allowing the maintenance of chromatin in a per- 
missive configuration (38), resulting in high and consistent 
expression of genes in their proximity (37,39). Although 
originally relatively large (up to 16kb), new, smaller, syn- 
thetic UCOEs that still lead to high expression of the 
transgene have been engineered (40,41). Most of the cur- 
rently used UCOEs derive from the HNRPA2B1-CBX3 
locus, a genomic region encompassing the promoters of 
the heterogeneous nuclear ribonucleoprotein A2/B1 
(HNRPA2B1) and of the chromobox protein homologue 
3 (CBX3) housekeeping genes. 

In this study, we used a dual-reporter system to evaluate 
epigenetic regulatory elements for their ability to protect 
transgenes expression and to modify the chromatin 
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structure when placed in the prevailing heterochromatic 
environment of telomeres. Two fluorescent protein- 
coding reporter genes were placed in a telomeric- 
proximal or telomeric-distal position relative to a 
regulatory element, and the strength of various epigenetic 
regulators was assessed in terms of barrier activity, anti- 
silencing effect and general transcriptional activation cap- 
ability. We show that epigenetic regulators such as MAR, 
UCOE and the chicken cHS4 insulator resulted in an 
increased number of cells expressing the telomeric distal 
reporter gene, whereas the telomeric-proximal reporter 
gene was usually highly repressed, implying a barrier 
effect, while some of the MAR elements showed an add- 
itional anti-silencing activity. Chromatin immunopre- 
cipitation (ChIP) on monoclonal cell populations 
revealed that epigenetic regulators act differently on the 
chromatin structure. The positive effects on transgene ex- 
pression of MAR elements may be due to the enrichment 
of both histones H3 and H4 acetylation in their proximity, 
whereas UCOE may prevent the deposition of heterochro- 
matic histone marks such as H3K9me3, H4K20me3 and 
H3K27me3. Overall, we conclude that the MAR and 
UCOE strong chromatin boundary as well as the MAR 
anti-silencing activity may result from the deposition of 
distinct chromatin structures. 



signal) respectively. These sequences, together with telo- 
meric repeats from pGE2min plasmid (42), were cloned 
into pBS-Pure giving the final construction. Thus, pSTE- 
TR-RB contains a stretch of telomeric repeats for de novo 
telomere formation at the genomic integration site, a MCS 
for the insertion of DNA elements, and two distinct 
reporter genes, DsRed and eBFP2 being respectively at a 
telomeric proximal and telomeric distal position relative to 
the MCS (Figure 1A). All DNA elements were cloned 
between the two reporter genes. Human MAR elements 
1-68, X-29 and murine MAR S4 have been previously 
described (30,34), as were the STAR 7 and 40 elements 
(36). The multimerized core of MAR X-29 and the core of 
MAR 1-68 with flanking regions were a kind gift of Dr 
Salina Arope (Arope et al., manuscript in preparation). 
The UCOE corresponds to the BspEi-Esp3I fragment of 
the HNRPA2B1-CBX3 locus (41), while the chicken 
p-globin insulator (cHS4) was taken from the pJC5-4 
plasmid kindly provided by Dr Gary Felsenfeld (42). 
Neutral DNA sequences of different sizes (0.5 kb, 1 kb, 
2kb, 3kb and 5.6 kb) originated from the PCR amplifica- 
tion of the murine utrophin coding sequence (GenBank 
accession number: BC062 163.1) were also cloned 
between eBFP2 and DsRed as spacer controls (see also 
the Supplementary Data). 



MATERIALS AND METHODS 

Plasmids and constructs 

A novel dual reporter system for the study of epigenetic 
regulators at human telomeres was used. Construction of 
this new system, termed pSTE-TR-RB, started with the 
introduction of a new multiple cloning site (MCS) into 
pBS-Puro, a BlueScript vector containing a puromycin 
resistance cassette. DsRed and eBFP2 (enhanced blue 
fluorescent protein 2) coding sequences under the 
control of minimal CMV (mCMV) promoter were poly- 
merase chain reaction (PCR) amplified from pCMV- 
DsRed Express (Clontech) and pEBFP2 (Addgene 
Plasmid number 14 893 devoid of the nuclear localization 



Cell culture and transfections 

HeLa Tet-off cells (Clontech) were cultivated at 37°C, 
5.5% C0 2 in DMEM:F12 medium (Gibco) supplemented 
with 10% foetal bovine serum (Gibco). Low passage 
HeLa cells were transfected with linearized plasmids 
using FuGENE6 according to the manufacturer's instruc- 
tion (Roche). Selection was carried out with 2.5 ug/ml 
puromycin (Sigma) for 15 days, after which selection 
was stopped and cells were grown for at least 2 weeks 
without selection pressure. 

Flow cytometry 

Expression of reporter genes in transfected HeLa cells was 
measured by a CyAn ADP cell analyzer (Dako) and 
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Figure 1. A dual reporter system for the study of epigenetic regulators at human telomeres. (A) Features of the reporter constructs used to assess the 
capacity of epigenetic regulatory elements in protecting gene expression at telomeres. Note the telomeric-proximal and telomeric-distal position of 
DsRed and eBFP2 relative to the MCS used to insert distinct regulatory or spacer control elements (DNA element). Quantitative PCR amplicons for 
both DsRed and eBFP2 are shown as bars underneath their respective location. (B) Expression profile of stably transfected HeLa cells carrying 
pSTE-TR-RB shows preferential silencing of the telomeric-proximal gene and moderate expression level of the telomeric-distal eBFP2 in a minority 
of cells. 
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analysed with FlowJo software (Treestar). Sorting of cells 
for the establishment of monoclonal populations was done 
with a FACSAriall (BD Biosciences) at the Flow 
Cytometry Core Facility of the Swiss Institute of 
Technology of Lausanne (EPFL, Switzerland). 

ChIP 

HeLa cells were cross-linked in 1% formaldehyde for 
7min and lysed in the presence of protease inhibitor 
cocktail (Complete tablets, Roche). Chromatin was then 
sonicated on ice until sheared to an average size of 400 bp, 
diluted in ChIP dilution buffer [20 mM 4-(2- 
Hydroxyethyl)piperazine-l-ethanesulfonic acid (HEPES), 
200 mM NaCl, 0.1% sodium deoxycholate, 1% Triton X- 
100, protease inhibitors] and pre-cleared for 90min in the 
presence of rProtein A sepharose beads (GE Healthcare 
Life Sciences). The pre-cleared chromatin was 
immunoprecipitated overnight at 4°C. Antibodies 
against acetylated histone H3 (06-599), acetylated 
histone H4 (06-866) and trimethylated histone H3K27 
(07-449) were obtained from Millipore, whereas 
antibodies against trimethylated histone H3K4 (ab8580), 
monomethylated H2BK5 (ab 12929), monomethylated 
H3R2 (ab 15584), trimethylated histone H3K9 (ab8898) 
and trimethylated histone H4K20 (ab9053) were 
purchased from Abeam. Anti GFP antibody was used as 
negative control (Roche). The Immunoprecipitated 
complexes were recovered by incubation with 12ul of 
rProtein A sepharose beads followed by four washes 
with immunoprecipitation buffer [20 mM HEPES, 
200 mM NaCl, 2mM ethylenediaminetetraacetic acid 
(EDTA), 0.1% sodium deoxycholate, 1% Triton X-100]. 
Beads were re-suspended in elution buffer [lOOmM Tris- 
HCL, 1% sodium dodecyl sulphate (SDS)] and reverse 
cross-linked overnight at 65°C. Precipitated DNA was re- 
covered using the Qiagen PCR purification kit. 

Quantitative PCR 

The quantification of ChIP DNA recovery was performed 
by quantitative PCR using a LightCycler 480 instrument 
with SYBR Green-reagent (both from Roche). For the 



amplification of eBFP2 and DsRed, a combination of a 
gene- specific forward primer with a common reverse 
primer for both DsRed and eBFP2 on the mCMV 
promoter was used. Primer sequences were as follows: 
eBFP2 forward primer 5'-CAGCTCCTCGCCCTTGCT 
CA-3', DsRed forward primer 5'-CGCACCTTGAAGCG 
CATGAA-3', mCMV promoter reverse primer 5'-AGAGC 
TGGTTTAGTGAACCGTCAGATC-3' . The relative pos- 
itions of these amplicons are shown in Figure 1A. The 
enrichment of various histone modifications, was calculated 
for both reporter genes as follows: 

PPeIT (^P[' n P ut DNA element]— Cp[sample DNA element]) 
PPeIT (^P[ m P ut s P acer control]— Cp[sample spacer control] 

where PPEff corresponds to the primer pair efficiency 
calculated using LinRegPCR software (43). 

RESULTS 

Specific regulatory elements increase the number of 
expressing cells 

Different epigenetic regulators, including MARs, UCOE, 
STARs and other elements previously shown to positively 
influence transgene expression (Table 1), were cloned into 
pSTE-TR-RB, a novel molecular reporter system for the 
study of epigenetic regulators at human telomeres (Figure 
1A, see also the Supplementary Data). In addition to epi- 
genetic regulators, neutral sequences of various lengths 
were also cloned as spacer controls, as the strength of 
telomeric silencing in HeLa cells was found to partly 
depend on the distance from the telomeres (see Figure 
S2 of the Supplementary Data), similarly to what was 
observed in yeast (12). Stable transfection of pSTE-TR- 
RB in the absence of any DNA element resulted in the 
silencing of the telomeric-proximal reporter gene (DsRed), 
whereas the telomeric-distal eBFP2 was expressed by few 
cells (Figure IB). This dual reporter system was designed 
to assess two distinct molecular effects, namely a chroma- 
tin boundary activity and a transcriptional activator 



Table 1. Epigenetic regulators and control elements used 


in this study 






DNA elements 


Element size (kb) 


Plasmid full name 


Short name 


Empty vector 




pSTE-TR-RB 


Okb 


0.5 kb Utrophin control fragment 


0.5 


pSTE-TR-RB-0.5kb 


0.5 kb CTRL 


1 kb Utrophin control fragment 


1 


pSTE-TR-RB-1 kb 


1 kb CTRL 


2kb Utrophin control fragment 


2 


pSTE-TR-RB-2 kb 


2kb CTRL 


3 kb Utrophin control fragment 


3 


pSTE-TR-RB-3 kb 


3kb CTRL 


5.6 kb Utrophin control fragment 


5.6 


pSTE-TR-RB-5.6kb 


5.6 kb CTRL 


Human MAR 1-68 


3.6 


pSTE-TR-RB-1-68 


1-68 


Human MAR X-29 


3.5 


pSTE-TR-RB-X-29 


X-29 


Murine MAR S4 


5.4 


pSTE-TR-RB-S4 


S4 


Chicken Lysozyme MAR 


3 


pSTE-TR-RB-Lys 


c-Lys 


Human MAR 1-68 Core + flanking region 


1.4 


pSTE-TR-RB-Cl-68 


Core 1-68 


4X Core MAR X29 


0.8 


pSTE-TR-RB-CX29 


Core X-29 


Chicken beta-globin HS4 Insulator 


1.2 


pSTE-TR-RB-HS4 


cHS4 


UCOE from the HNRPA2B 1 -CBX3 locus 


1 


pSTE-TR-RB-UCOE 


UCOE 


STAR Element 7 


2.1 


pSTE-TR-RB-STAR7 


STAR 7 


STAR Element 40 


1 


pSTE-TR-RB-STAR40 


STAR 40 



Nucleic Acids Research, 2014, Vol. 42, No. 1 197 



Percentage of expressing cells (%) 

6 8 10 12 



lkb CTRL 



2kb CTRL 



3kb CTRL 



5.6kb CTRL 



X-29 



S4 



c-Lys 



Core 1-68 



Core X-29 



cHS4 



UCOE 



STAR 40 




Figure 2. Effect of epigenetic regulators on expressing cell occurrence in polyclonal populations. HeLa cells were stably transfected with pSTE-TR- 
RB vector bearing different epigenetic regulators or control sequences under antibiotic selection. After 2 weeks of further culture without selective 
pressure, cells were analysed by flow cytometry and the percentage of cells expressing either reporter gene was assessed in each cell population. Mean 
and standard deviation of three independent transfections are shown. Stars indicate statistically significant increase in the number of expressing cells 
compared with control populations where DsRed and eBFP2 are separated by neutral DNA sequences of equivalent size (Student's /-test, *P < 0.05). 



function. In yeast, heterochromatin propagates from the 
telomere towards the centromere and a similar mechanism 
is believed to occur also in higher eukaryotes. Thus, a 
strong insulator would lead to a higher number of cells 
expressing the telomeric-distal eBFP2 reporter gene, while 
a powerful transcriptional activator would rather increase 
expression levels of both reporter genes, including the telo- 
meric-proximal DsRed. 

Analysis of polyclonal populations of stably transfected 
cells revealed that most of the DNA elements were able to 
increase significantly the number of cells expressing at 
least one of the two reporter genes when compared to a 
plasmid containing a neutral control sequence of similar 
length (Figure 2). In stable populations carrying full- 
length MAR elements or the cHS4 insulator, the number 
of cells expressing eBFP2 approximately doubled when 
compared to the control populations. To a lesser extent, 
the UCOE also led to an increase of eBFP2-positive cells, 
suggesting a barrier activity for MARs as well as for the 



cHS4 insulator and UCOE. Together with STAR 40, but 
to a greater extent, MARs also increased the number of 
DsRed-positive cells. However, while eBFP2 was ex- 
pressed in a large number of cells (>5%), the number of 
DsRed-positive cells in both the control and experimental 
populations remained generally lower, <1%, but it was 
nevertheless statistically significant (Figure 2 and 
Supplementary Figure SI), suggesting an anti-silencing 
effect for these elements when placed at a telomeric 
location. 

To confirm that DsRed silencing was due to telomeric 
integration, plasmids depleted of telomeric repeats were 
constructed for several of these elements. These internal 
controls showed an overall higher number of expressing 
cells. Importantly, the occurrence of expressing cells was 
similar for both eBFP2 and DsRed genes, as expected 
from a non-telomeric random genomic integration of the 
reporter cassette (Supplementary Figure SI, pSTE-RB- 
HS4 and pSTE-RB-S4 constructs). Overall, these results 
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Figure 3. Analysis of monoclonal populalions. Stably transfected and expressing cells were sorted into single cells and resulting monoclonal popu- 
lations grown without selective pressure. For each epigenetic regulator, 12 expressing clones were analysed by cytofluorometry to determine the mean 
fluorescence of both eBFP2 and DsRed. Mean fluorescence of individual clones are represented as box plots of eBFP2 (A) and DsRed (B) and they 
were compared to that of cells generated with the spacer control of equivalent size (Student's Mest: *P<0.05; n = 12). Dots represent outlier clones 
which were excluded from further analysis. Mean fluorescence in untransfected HeLa cells is also shown as reference (Neg CTRL). Additionally, 
silenced cells (expressing neither eBFP2 nor DsRed) from stably transfected polyclonal populations were also sorted as monoclonal populations and 
further grown in the absence of selective pressure. Transgene expression in these silenced populations was followed by FACS over a period of 2 
weeks (C), after which some clones displayed detectable eBFP2 fluorescence (indicated by an arrow). (D) Number of clones displaying eBFP2 
expression activation events occurring within the silenced monoclonal populations, showing a significantly higher frequency for MAR elements taken 
together and for MAR 1-68 relative to the 3kb spacer control (Fisher's exact test, */ > <0.05; n = 24). 



showed a significant barrier activity for MAR and 
UCOEs, as well as for the previously known cHS4 insu- 
lator. In addition, a transcriptional activating effect was 
observed for MARs and, to a lesser extent, for STAR 40. 
Interestingly, the AT-rich core sequence of MAR 1-68 and 
MAR X-29 were unable to mediate a barrier or transcrip- 
tional effect, implying that other elements are required to 
mediate the MAR effect, in agreement with previous bio- 
informatics-based modelling of MAR elements (30). 

Epigenetic regulatory elements mediate denned expression 
pattern in monoclonal populations 

Stably transfected cells carrying an epigenetic regulator 
that decreased the telomeric silencing effect in polyclonal 
populations (i.e. the full MAR, UCOE, cHS4 and STAR 
40 elements), together with their respective spacer controls 
(lkb and 3kb CTRLs), were sorted into monoclonal 
populations and grown without selection pressure. 
Clones displaying homogeneous and relatively low expres- 
sion of DsRed were retained, in order to exclude cells with 
potential non-telomeric integration of multiple plasmid 
copies. The mean fluorescence of eBFP2 and DsRed was 



assessed using 12 clones generated for each of the DNA 
element and spacer control by flow cytometry, to evaluate 
the expression variability between distinct clones 
(Figure 3 A and B). The spacer control clones (1 kb and 
3 kb CTRLs) displayed little variation and had a generally 
very low eBFP2 and DsRed expression. Despite a higher 
variability, an overall significant increase in eBFP2 fluor- 
escence was observed for clones generated with the 
MARs, whereas other DNA elements did not augment 
eBFP2 expression. On the other hand, none of the epigen- 
etic regulators yielded significant DsRed expression, which 
remained at extremely low levels, except for three clones 
generated with human MAR 1-68, mouse MAR S4 and 
the chicken lysozyme MAR elements (Figure 3B). Thus, 
these MAR elements may also act as transcriptional acti- 
vators, even in the strongly repressive chromatin environ- 
ment of telomeres. 

Starting from the stably transfected polyclonal popula- 
tions, non-expressing cells were also sorted and grown as 
monoclonal populations. Although no expression could 
be detected by fluorescence-activated cell sorting 
(FACS), PCR amplification on genomic DNA extracted 
from some silenced cloned confirmed that the reporter 
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genes were still integrated into the genome (data not 
shown), implying a strong silencing effect rather than a 
loss of the integrated vector. Among these silent clonal 
populations, several were able to spontaneously recover 
eBFP2-expressing cells after 2 weeks of culture without 
selection (Figure 3C). The number of clones that re- 
covered expression was assessed for each DNA element 
by scoring populations that displayed more than 1% of 
expressing cells. MAR 1-68 was the only element which 
yielded statistically significant reactivation of the silenced 
eBFP2 transgene, with 6 out of 24 clones that displayed 
eBFP2-positive cells after 2 weeks of culture without se- 
lection (Figure 3D). Nonetheless, all MAR elements 
yielded clones that displayed reactivated expression, and, 
taken as a group, they significantly increased the probabil- 
ity of reactivation events. Other elements also yielded oc- 
casional reactivating clones, but the frequency was similar 
to that observed for the control spacer fragments. Overall, 
MAR 1-68 was the most potent element in terms of 
actively switching nearby genes from a silent to an ex- 
pressing state. 

Effects of epigenetic regulatory elements on telomeric 
chromatin modifications 

In order to shed light on the mechanism of action of the 
epigenetic regulatory elements used in this study, the epi- 
genetic landscape on the reporter genes promoter was 
assessed by ChlP. Different histone modifications were 
investigated, including open chromatin marks such as 
histone 3 and histone 4 acetylation, trimethylated 
Histone H3 on lysine 4 (H3K4me3), monomethylated 
H2B on lysine 5 (H2BK5mel) and monomethylated H3 
on arginine 2 (H3R2mel), as well as repressive/hetero- 
chromatic marks such as trimethylated H3K27 
(H3K27me3), trimethylated H3K9 (H3K9me3) and 
trimethylated H4K20 (H4K20me3). 

For each DNA element and its respective spacer 
control, two representative clones were studied by ChlP. 
The expression profile of the analysed clones was 
determined at the time of chromatin preparation 
(Supplementary Figure S2), and it was shown to correlate 
well with the mRNA levels of the transgenes 
(Supplementary Figure S3). Fluorescence in-situ hybrid- 
ization (FISH) analysis was performed on metaphasic 
chromosomal spreads using probes consisting of the telo- 
meric repeats and of the dual reporter system without 
DNA elements nor telomeric repeats (pSTE-RB), which 
confirmed a single integration site at telomeric/ 
subtelomeric position for all analysed clones 
(Supplementary Figure S4). The copy number of 
integrated transgenes per genome was also estimated by 
qPCR on total cellular DNA, yielding values indicative of 
single copy integration (data not shown). For every 
genetic element, enrichment values from ChlP experi- 
ments performed on the two clones were averaged, to 
minimize possible clone-specific effects, and they were ex- 
pressed as fold increase over the values obtained from the 
controls with spacer DNA of similar size, as obtained 
from three independent ChlP experiments performed 



with at least two different chromatin preparations 
(Figure 4). 

Analysis of the absolute histone modification levels for 
the spacer control clones revealed an enrichment of marks 
previously associated with (sub)telomeric regions such as 
H3K9me3, H4K20me3, H2BK5mel or H3K2mel on the 
promoter of the telomeric-proximal reporter gene, as 
expected from the de novo telomere formation at the site 
of the transgene integration (Supplementary Figure S5). 
At the chromatin level, the human MAR 1-68 and X-29 
and the murine MAR S4 appeared to be the most active 
DNA elements in terms of augmenting the chromatin 
marks associated with a permissive chromatin structure 
(Figure 4 and Supplementary Figure S5). The MAR 
X-29 promoted deposition of active chromatin marks on 
both reporter genes, with an increase in the acetylation of 
histone H3 (AcH3) and H4 (AcH4) and the trimethylation 
of H3K4 compared with the spacer control. In addition, it 
reduced the presence of heterochromatic histone marks on 
the telomere proximal gene (H3K9me3 and H4K20me3). 
MAR S4 acted mainly on the telomere proximal gene, 
increasing the deposition of H3K4me3 and acetylated 
H3 and H4, as well as decreasing the level of all three 
repressive/heterochromatic marks. MAR 1-68 acted 
mostly on the telomeric distal gene, which is the gene 
whose expression could be activated from a silent state 
(Figure 3 and Supplementary Figure S3). Expression of 
eBFP2 in the presence of MAR 1-68 was found to be 
accompanied with increased levels of euchromatic 
marks, such as AcH4, H2BK5mel and H3R2mel, as 
well as with increased levels of H3K9me3, a modification 
often associated with heterochromatin. In presence of the 
chicken lysozyme MAR, little differences were detected 
for active and inactive chromatin modifications, possibly 
reflecting the fact that it was found to be a relatively 
weaker MAR element when compared to the human 
and murine MARs (30). Nonetheless, a significant 
increase in AcH4 was observed also for this MAR on 
the telomeric-proximal gene, making the increase of the 
acetylation of histone 4 the only modification shared by all 
the MAR elements tested here (Figure 4). 

The analysed UCOE was also particularly active at the 
chromatin level. Besides a strong depletion of all repres- 
sive marks — with H3K9me3 and H3K27me3 levels below 
or close to the background obtained with immunopre- 
cipitation controls — UCOE strongly promoted acetyl- 
ation of H3 and H3K4 trimethylation over the promoter 
of the telomere-proximal DsRed gene (Figure 4). Yet, this 
did not suffice to activate DsRed expression, unlike MAR 
S4 which had a comparable epigenetic profile (Figure 2 
and Supplementary Figure S2). The cHS4 insulator 
resulted in lower levels of heterochromatic marks on the 
telomeric-proximal reporter gene, which, together with the 
absence of effects on euchromatic marks, is consistent 
with the barrier function proposed for this element. 
Presence of STAR 40 led to a reduction of both eu- and 
heterochromatic marks, which might explain the lack of 
strong effects on gene expression. Overall, ChlP results 
showed epigenetic landscapes which varied from element 
to element, with a tendency for MARs to promote the 
deposition of active histone marks, whereas the UCOE 
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Figure 4. Effect of epigenetic regulatory elements on histone modifica- 
tions. The presence of histone modifications on eBFP2 and DsRed 
transgenes was assessed by ChIP with antibodies against acetylated 
H3 and H4, monomethylated H2BK5 and H3R2 and trimethylated 
H3K4, H3K9, H4K20 and H3K27. Immunoprecipitated DNA was 
analysed by quantitative PCR. For each DNA element, two clones 
were analysed and the mean and standard deviation of three independ- 
ent experiments are represented as fold enrichment relative to the 
spacer control of similar size (Student's /-test, */ > <0.05; **P<0.01). 



prevented deposition of repressive modifications, as 
summarized in Table 2. 



DISCUSSION 

The eukaryotic genome is functionally compartmentalized 
into denned chromatin domains that are thought to con- 
tribute to the regulation of different biological processes 
including gene transcription. Integration of a transgene in 
the host genome may result in inconsistent expression, as 
elicited by the particular chromatin environment of the 
integration site. Epigenetic regulators are DNA sequences 
which may minimize this position effect, possibly leading 
to a more consistent expression of the transgene (22). 
Here, we tested different epigenetic DNA elements for 
their ability to protect transgene expression from the 
silencing mediated by the strongly unfavourable chroma- 
tin environment resulting from a telomeric location. 

We show that MARs can act to protect gene expression 
at telomeric loci. MARs greatly increased the proportion 
of cells expressing a telomeric-distal reporter gene, while 
they less frequently prevented the silencing of a telomeric- 
proximal transgene, suggesting a prominent barrier 
activity for this class of epigenetic regulators. In 
addition, MAR elements could reactivate expression 
from silent clones at a high frequency, and thus possess 
anti-silencing effects. Finally, MARs also increased the 
transcription rate of the telomere-distal gene, as assessed 
from the fluorescence and mRNA levels, indicating that 
they can also act as transcriptional activators. These con- 
clusions are further supported by the finding that the 
MARs locally promoted modifications of the chromatin 
to adopt a structure more permissive for gene expression. 
In particular, acetylation of histone H4 was enriched in 
proximity of all four MAR elements tested, while further 
histone H3 acetylation was promoted by the two potent 
MARs X-29 and S4. The presence of acetylated nucleo- 
somes may result from the recruitment of histone 
acetyltransferases, as proposed for other MAR elements 
in human osteosarcoma U20S cell line (44). Interestingly, 
histone deacetylation was reported to be among the first 
steps towards TPE in human cells, and it is essential for 
the successive histone methylations required for the estab- 
lishment of telomeric heterochromatin (19). This suggests 
that MARs may counteract the propagation of silent 
chromatin by imposing acetylation marks on adjacent nu- 
cleosomes, thereby acting as insulator or barrier elements. 
In addition, the murine MAR S4 and the human MAR X- 
29 also promoted the deposition of trimethylated H3K4, 
which is usually mapped on active promoters (45) and 
partially prevented histories from being decorated with 
trimethylated H3K9 and H4K20, two heterochromatic 
marks (46). This correlates well with the strong initial 
increase of expression mediated by these two MARs 
(30,34). 

The effects of some MARs on transgene expression was 
limited in this study by the single copy integration upon de 
novo telomere formation at the integration site. Indeed, 
the increased transgene expression resulting by the inser- 
tion of MARs is in part also due to a higher number of 
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Table 2. Histone modifications and other transcriptional activities associated with epigenetic regulators 

DNA element Boundary Transcriptional Reactivation" Histone modifications' 1 

activity" activation 13 

Euchromatin (Sub)telomeric Heterochromatin 



AcH3 AcH4 H3K4me3 H2BK5mel H3R2mel H3K9me3 H4K20me3 H3K27me3 



Human MAR 1-68 + + + + 

Human MAR X-29 + + + 

Murine MAR S4 + + + + 

Chicken Lysozyme + + + 

MAR 

HS4 Insulator + + 

1 kb UCOE Element + 
Star Element 40 



''The boundary or barrier activity is shown for each element, as determined by the number of eBFP2 expressing cells in polyclonal populations 
(Figure 2). Signs are based on the fold increase of expressing cells for a given element relative to cells transfected with the control construct with a 
spacer DNA of similar size. ++, + and - signs represent a >2 fold, a <2 fold but still significant, and a non-significant increase of eBFP2-positive 
cells, respectively. 

b The median cell fluorescence of expressing clones was used to determine transcriptional activation (Figure 3A). Significant fold increases of >3 (++) 
or >2 (+) fold are shown. 

The frequency of reactivation events, based on the number of silent clones which display expressing cells after 2 weeks of culture (Figure 3D) are 
shown as ++ (>20%), + (>10%) or - (<10%) for each epigenetic element. 

d Enrichment (+) and depletion (— ) of the different histone marks on either the telomeric-proximal DsRed (grey signs) or the telomeric-distal eBFP2 
(black signs) based on ChIP data (Figure 4). Double signs correspond to a fold increase >2-fold (++) or <0.5-fold ( — ) relative to the spacer 
control. A tilde sign (~) indicates that no significant change was observed relative to the spacer control. 



~ + 

~ + 

+ + + 

+ + 

+ + + 



+ 

f + 
+ 

+ 



integrated copies (47,48). This could partially explain the 
comparable impact of the human MAR 1-68 on chromatin 
modifications and gene expression, when assessed in 
parallel with MAR S4 and MAR X-29, despite the fact 
that the 1-68 element is one of the strongest MAR 
characterized so far in stable transfection studies (30,34). 
Nevertheless, we found that clones carrying the MAR 1-68 
had a high and stable expression of eBFP2 in spite of the 
enrichment of H3K9me3 on the eBFP2 promoter. Thus, 
MAR 1-68 might be able to force transcription despite 
the presence of H3K9me3 on the promoter, or, as suggested 
by previous studies, H3K9me3 may also be associated to 
actively expressed promoters in particular genomic 
contexts (49-51). Additionally, the MAR 1-68 was found 
to confer high stability to gene expression upon prolonged 
culture time (35), and we show here that it significantly 
increases the activation rate of silent telomeric genes, 
which correlates well with the long-term sustainment of 
transgene expression. Overall, these results may explain 
the enhanced and stable transgene expression previously 
observed in the presence of MAR elements such as this 
MAR upon integration at internal chromosomal sites (31). 

UCOEs are CpG island-containing DNA sequences 
derived from the promoter regions of housekeeping 
genes (38), and the relatively short element used here 
was shown to retain most of the characteristics of larger 
UCOE-containing sequences (41). At telomeric loci, the 
UCOE could increase the number of cells expressing the 
telomeric distal reporter gene, as indicative of protection 
against silencing effects by a barrier effect, but it did not 
increase fluorescence levels as would result from higher 



transcription rates. Interestingly, the chromatin environ- 
ment in proximity to the UCOE was poor in histone modi- 
fications, particularly in heterochromatic repressive 
marks. One possible explanation is that UCOE are nucleo- 
some-poor regions, in agreement with the findings that 
CpG islands are relatively nucleosome-deficient (52) or 
that there is a relative lack of nucleosomes at the endogen- 
ous promoters of the HN RPA2B 1 -CBX3 UCOE locus 
(38). Concerning the lack of expression of the DsRed 
gene despite the UCOE-mediated deprivation of hetero- 
chromatic marks, we speculate that additional euchro- 
matic modifications such as the hyperacetylation of 
histone H4 may be required for gene transcription, as 
observed in the presence of MAR elements, while 
UCOE rather opposed H4 acetylation. Overall, and 
despite different experimental designs, our findings are in 
agreement with data showing that expression at the en- 
dogenous HNRPA2B1-CBX3 UCOE locus was 
accompanied by active histone modification marks such 
H3K4me3 and acetylation of both histones H3 and H4, 
together with low repressive marks such as H3K27me3 
(38). The lack of such a pattern in the presence of 
UCOE at telomeric loci may thus explain the lack of 
silent gene activation. 

The chicken beta-globin HS4 element is a well-known 
insulator that was shown to protect transgene expression 
from TPE when the transgene was insulated by two copies 
of cHS4 (53). Here we showed that a single copy of the 
cHS4 insulator suffices to protect a telomeric-distal gene 
expression from TPE. Together with MAR elements, the 
chicken insulator cHS4 is the element which gave the 
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highest percentage of eBFP2 positive cells, consistently 
with a strong boundary activity. Similarly to MAR 1-68, 
we did detect some H3K9me3 enrichment on the promoter 
of eBFP2, in agreement with a prior study of HS4 by 
Rincon-Arano et al. (52). Previous studies at non-telo- 
meric loci showed that the barrier activity of cHS4 was 
accompanied by acetylation of nearby histones (54,55). 
However, we did not find histones near cHS4 to be 
highly acetylated, possibly reflecting the fact that in our 
construction transgenes were not flanked by cHS4, but 
that a single copy of cHS4 was present. Different models 
have been proposed for the mechanisms of barrier action. 
Some predict the active recruitment of histone-modifying 
enzyme such as histone acetyltransferases, whereas some 
are purely based on spatial interference to the heterochro- 
matic spread, possibly by DNA looping mechanisms (56). 
Our data therefore support the notion that the cHS4 in- 
sulator may function differently depending on the chro- 
matin environment present at the integration site. 

STAR elements were proposed to prevent the deposition 
of heterochroma tin-related proteins such as heterochroma- 
tin protein 1 (36). At telomeres, STARs were thus expected 
to act as barriers, preventing the spread of heterochroma- 
tin. However, in our study, STARs had overall weaker or 
unclear effects. In polyclonal populations, STARs gave 
contrasting results, with STAR element 7 being inefficient 
in protecting either of the two reporter genes from 
silencing, while STAR 40 increased only the number of 
cells expressing the telomere-proximal DsRed gene. ChIP 
experiments revealed that STAR 40 reduced the levels of 
heterochromatic marks H3K9me3 and H4K20me3 on the 
telomere proximal gene only, supporting a role as an anti- 
silencing element. However, this anti-repressor activity of 
STAR40 was not sufficient to promote high levels of pro- 
tection from TPE, and neither STAR element had an effect 
on transcription rate at the telomeric loci. 

Over 10 years ago, it was proposed that histone modi- 
fications are not isolated chromatin marks, but that they 
constitute together a histone code, as represented by the 
combinatorial patterns of histone modifications that 
function in concert (57). These patterns of histone modi- 
fications have been observed across the genome of many 
species (58), and they are also evidenced in our study, as 
distinct patterns of chromatin marks were elicited by the 
various epigenetic regulators studied. Overall, data pre- 
sented here also indicate that the presence of a single 
mark of open chromatin, or the absence of a repressive 
histone mark, cannot be solely correlated to gene expres- 
sion level or resistance to silencing. Consistently with the 
histone code proposal, our data rather indicate that 
multiple combinations of chromatin modifications 
regulate gene expression transitions, and they may pave 
the way towards a more rational use of such epigenetic 
regulatory DNA elements and histone modifications to 
achieve more predictable transgene expression patterns. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online, 
including [59-71]. 



ACKNOWLEDGEMENTS 

We thank F. Schiitz for assistance with statistical analysis, 
and S. Arope and R.E. Campbell for providing MAR core 
sequences and the eBFP2-coding sequence, respectively. 



FUNDING 

Swiss Commission for Technology and Innovation and 
from Selexis SA, and by the University of Lausanne. 
Funding for open access charge: University of Lausanne. 

Conflict of interest statement. N.M. is a co-founder and 
own shares of Selexis SA, a company that uses proprietary 
technology to generate therapeutic-producing CHO cell 
lines. Other authors have no competing interest to declare. 



REFERENCES 

1. Li.B., Carey,M. and Workman J.L. (2007) The role of chromatin 
during transcription. Cell, 128, 707-719. 

2. Sfeir.A. (2012) Telomeres at a glance. /. Cell. Sci., 125, 
4173^1178. 

3. Schoeftner,S. and Blasco.M.A. (2009) A "higher order' of 
telomere regulation: telomere heterochromatin and telomeric 
RNAs. EMBO J., 28, 2323-2336. 

4. Kwon.S.H. and Workman,.!. L. (2011) The changing faces of HP1: 
From heterochromatin formation and gene silencing to 
euchromatic gene expression: HP1 acts as a positive regulator of 
transcription. BioEssays: News Rev. Mol. Cell. Dev. Biol., 33, 
280-289. 

5. RosenfeldJ.A., Wang,Z., Schones,D.E., Zhao,K., DeSalle,R. and 
Zhang,M.Q. (2009) Determination of enriched histone 
modifications in non-genic portions of the human genome. BMC 
Genomics, 10, 143. 

6. Azzalin,C.M., Reichenbach,P., Khoriauli.L., Giulotto,E. and 
LingnerJ. (2007) Telomeric repeat containing RNA and RNA 
surveillance factors at mammalian chromosome ends. Science, 
318, 798-801. 

7. Cao,F., Li,X., Hiew,S., Brady,H., Liu,Y. and Dou,Y. (2009) 
Dicer independent small RNAs associate with telomeric 
heterochromatin. RNA, 15, 1274-1281. 

8. Gonzalo,S., Jaco,L, Fraga.M.F., Chen,T., Li,E., Esteller,M. and 
Blasco,M.A. (2006) DNA methyltransferases control telomere 
length and telomere recombination in mammalian cells. Nat. Cell 
Biol., 8, 416^124. 

9. Garcia-Cao,M., 0'Sullivan,R., Peters,A.H., Jenuwein,T. and 
Blasco.M.A. (2004) Epigenetic regulation of telomere length in 
mammalian cells by the Suv39hl and Suv39h2 histone 
methyltransferases. Nat. Genet., 36, 94-99. 

10. Gonzalo,S., Garcia-Cao.M., Fraga,M.F., Schotta.G., Peters,A.H., 
Cotter.S.E., Eguia,R., Dean,D.C, Esteller,M., Jenuwein.T. et al. 
(2005) Role of the RBI family in stabilizing histone methylation 
at constitutive heterochromatin. Nat. Cell Biol., 7, 420^128. 

11. Benetti,R., Garcia-Cao,M. and Blasco.M.A. (2007) Telomere 
length regulates the epigenetic status of mammalian telomeres and 
subtelomeres. Nat. Genet., 39, 243-250. 

12. Gottschling,D.E., Aparicio,O.M., Billington,B.L. and Zakian.V.A. 
(1990) Position effect at S. cerevisiae telomeres: reversible 
repression of Pol II transcription. Cell, 63, 751-762. 

13. BaurJ.A., Zou,Y., Shay.J.W. and Wright,W.E. (2001) Telomere 
position effect in human cells. Science, 292, 2075-2077. 

14. Koering,C.E., Pollice,A., Zibella.M.P., Bauwens,S., Puisieux,A., 
Brunori,M., Brun,C, Martins, L., Sabatier,L., PulitzerJ.F. et al. 
(2002) Human telomeric position effect is determined by 
chromosomal context and telomeric chromatin integrity. EMBO 
Rep., 3, 1055-1061. 

15. PedramJVI., Sprung.C.N., Gao,Q., Lo,A.W., Reynolds.G.E. and 
MurnaneJ.P. (2006) Telomere position effect and silencing of 



Nucleic Acids Research, 2014, Vol. 42, No. 1 203 



transgenes near telomeres in the mouse. Mol. Cell Biol., 26, 
1865-1878. 

16. Hoppe,G.J., TannyJ.C, Rudner,A.D., Gerber,S.A., Danaie,S., 
Gygi,S.P. and Moazed,D. (2002) Steps in assembly of silent 
chromatin in yeast: Sir3-independent binding of a Sir2/Sir4 
complex to silencers and role for Sir2-dependent deacetylation. 
Mol. Cell Biol, 22, 4167^1180. 

17. Michishita,E., McCord,R.A., Berber,E., Kioi,M., Padilla-Nash,H., 
Damian,M., Cheung,P., Kusumoto,R., Kawahara,T.L., 
BarrettJ.C. et al. (2008) SIRT6 is a histone H3 lysine 9 
deacetylase that modulates telomeric chromatin. Nature, 452, 
492^196. 

18. Michishita,E., McCord,R.A., Boxer,L.D., Barber,M.F., Hong,T., 
Gozani,0. and Chua,K.F. (2009) Cell cycle-dependent 
deacetylation of telomeric histone H3 lysine K56 by human 
SIRT6. Cell Cycle, 8, 2664-2666. 

19. Tennen.R.L, Bua,D.J., Wright,W.E. and Chua,K.F. (2011) SIRT6 
is required for maintenance of telomere position effect in human 
cells. Nat. Commun., 2, 433. 

20. YehezkefS., Segev,Y., Viegas-Pequignot,E., Skorecki,K. and 
Selig,S. (2008) Hypomethylation of subtelomeric regions in ICF 
syndrome is associated with abnormally short telomeres and 
enhanced transcription from telomeric regions. Hum. Mol. Genet., 
17, 2776-2789. 

21. Wilson.C, Bellen,H.J. and Gehring,W.J. (1990) Position effects 
on eukaryotic gene expression. Ann. Rev. Cell Biol., 6, 679-714. 

22. Kwaks,T.H. and Otte,A.P. (2006) Employing epigenetics to 
augment the expression of therapeutic proteins in mammalian 
cells. Trends Biotechnol, 24, 137-142. 

23. Gaszner,M. and Felsenfeld,G. (2006) Insulators: exploiting 
transcriptional and epigenetic mechanisms. Nat. Rev. Genet., 1, 
703-713. 

24. Kellum,R. and SchedfP. (1992) A group of scs elements function 
as domain boundaries in an enhancer-blocking assay. Mol. Cell 
Biol, 12, 2424-2431. 

25. Sun,F.L. and Elgin,S.C. (1999) Putting boundaries on silence. 
Cell, 99, 459^162. 

26. Pikaart.M.J., Recillas-Targa,F. and Felsenfeld,G. (1998) Loss of 
transcriptional activity of a transgene is accompanied by DNA 
methylation and histone deacetylation and is prevented by 
insulators. Genes Dev., 12, 2852-2862. 

27. Persons,D.A. (2010) Lentiviral vector gene therapy: effective and 
safe? Mol. Ther., 18, 861-862. 

28. Recillas-Targa,F., Pikaart,M.J., Burgess-Beusse,B., BelLA.C, 
Litt,M.D., West,A.G., Gaszner,M. and Felsenfeld,G. (2002) 
Position-effect protection and enhancer blocking by the chicken 
beta-globin insulator are separable activities. Proc. Natl Acad. Sci. 
USA, 99, 6883-6888. 

29. Mirkovitch,J., Mirault.M.E. and Laemmli,U.K. (1984) 
Organization of the higher-order chromatin loop: specific DNA 
attachment sites on nuclear scaffold. Cell, 39, 223-232. 

30. Girod,P.A., Nguyen,D.Q., Calabrese,D., Puttini,S., Grandjean,M., 
Martinet, D., Regamey,A., Saugy,D., BeckmannJ.S., Bucher,P. 

et al. (2007) Genome-wide prediction of matrix attachment 
regions that increase gene expression in mammalian cells. Nat. 
Methods, 4, 747-753. 

31. Harraghy,N., Gaussin,A. and Mermod,N. (2008) Sustained 
transgene expression using MAR elements. Curr. Gene Ther., 8, 
353-366. 

32. Phi-Van,L., von KriesJ.P., Ostertag,W. and Stratling,W.H. (1990) 
The chicken lysozyme 5' matrix attachment region increases 
transcription from a heterologous promoter in heterologous cells 
and dampens position effects on the expression of transfected 
genes. Mol. Cell Biol, 10, 2302-2307. 

33. Girod,P.A., Zahn-Zabal,M. and Mermod,N. (2005) Use of the 
chicken lysozyme 5' matrix attachment region to generate high 
producer CHO cell lines. Biotechnol. Bioeng., 91, 1-11. 

34. Harraghy,N., Regamey,A., Girod,P.A. and Mermod,N. (2011) 
Identification of a potent MAR element from the mouse genome 
and assessment of its activity in stable and transient transfections. 
/. Biotechnol., 154, 11-20. 

35. GalbeteJ.L., Buceta.M. and Mermod.N. (2009) MAR elements 
regulate the probability of epigenetic switching between active and 
inactive gene expression. Mol. BioSys., 5, 143-150. 



36. Kwaks,T.H., Barnett,P., Hemrika,W., Siersma,T., Sewalt,R.G., 
Satijn,D.P., BronsJ.F., van Blokland.R., Kwakman,P., 
Kruckeberg.A.L. et al. (2003) Identification of anti-repressor 
elements that confer high and stable protein production in 
mammalian cells. Nat. Biotechnol., 21, 553-558. 

37. Williams,S., Mustoe,T., Mulcahy.T., Griffiths.M., Simpson,D., 
Antoniou.M., Irvine,A., Mountain,A. and Crombie,R. (2005) 
CpG-island fragments from the HNRPA2B1/CBX3 genomic locus 
reduce silencing and enhance transgene expression from the 
hCMV promoter/enhancer in mammalian cells. BMC Biotechnol., 
5, 17. 

38. Lindahl Allen,M. and Antoniou,M. (2007) Correlation of DNA 
methylation with histone modifications across the HNRPA2B1- 
CBX3 ubiquitously-acting chromatin open element (UCOE). 
Epigenetics, 2, Ill-lid. 

39. Zhang.F., Frost,A.R., Blundell,M.P., Bales.O., Antoniou.M.N. 
and Thrasher ,A. J. (2010) A ubiquitous chromatin opening 
element (UCOE) confers resistance to DNA methylation-mediated 
silencing of lentiviral vectors. Mol. Ther., 18, 1640-1649. 

40. Antoniou.M.K., Crombie,R.K. and Williams,S.G. (2001) EU 
patent no. EP 2365076 Al. 

41. Williams,S.G., Crombie.R.L., Lipinski,K.S. and Irvine,A.S. (2008) 
US patent no. US 2008/0222742 Al. 

42. ChungJ.H., Whiteley,M. and Felsenfeld,G. (1993) A 5' element 
of the chicken beta-globin domain serves as an insulator in 
human erythroid cells and protects against position effect in 
Drosophila. Cell, 74, 505-514. 

43. Ramakers,C, RuijterJ.M.. Deprez,R.H. and Moorman,A.F. 
(2003) Assumption-free analysis of quantitative real-time 
polymerase chain reaction (PCR) data. Neurosci. Lett., 339, 
62-66. 

44. MartensJ.H., Verlaan,M., Kalkhoven,E., DorsmanJ.C. and 
Zantema,A. (2002) Scaffold/matrix attachment region elements 
interact with a p300-scaffold attachment factor A complex and 
are bound by acetylated nucleosomes. Mol. Cell Biol., 22, 
2598-2606. 

45. Heintzman,N.D., Stuart,R.K., Hon,G., Fu,Y., Ching,C.W., 
Hawkins,R.D., Barrera.L.O, Van Calcar,S., Qu,C, Ching,K.A. 
et al. (2007) Distinct and predictive chromatin signatures of 
transcriptional promoters and enhancers in the human genome. 
Nat. Genet., 39, 311-318. 

46. Schotta.G., Lachner,M., Sarma,K., Ebert,A., Sengupta,R., 
Reuter,G., Reinberg.D. and Jenuwein,T. (2004) A silencing 
pathway to induce H3-K9 and H4-K20 trimethylation at 
constitutive heterochromatm. Genes Dev., 18, 1251-1262. 

47. KimJ.M., KimJ.S., Park,D.H., Kang.H.S., Yoon.J., Baek.K. and 
Yoon,Y. (2004) Improved recombinant gene expression in CHO 
cells using matrix attachment regions. /. Biotechnol., 107, 95-105. 

48. GrandjeamM., Girod.P.A., Calabrese.D., Kostyrko,K., Wicht,M., 
Yerly,F., Mazza.C, BeckmannJ.S., Martinet,D. and Mermod.N. 
(2011) High-level transgene expression by homologous 
recombination-mediated gene transfer. Nucleic Acids Res.. 39, 
el04. 

49. Yin,H., Sweeney,S., Raha,D., Snyder,M. and Lin,H. (2011) A 
high-resolution whole-genome map of key chromatin 
modifications in the adult Drosophila melanogaster. PLoS Genet., 
1, el002380. 

50. Vakoc,C.R., Mandat,S.A., Olenchock.B.A. and Blobel,G.A. 
(2005) Histone H3 lysine 9 methylation and HP 1 gamma are 
associated with transcription elongation through mammalian 
chromatin. Mol. Cell, 19, 381-391. 

51. Wiencke,J.K., Zheng,S., Morrison.Z. and Yeh,R.F. (2008) 
Differentially expressed genes are marked by histone 3 lysine 9 
trimethylation in human cancer cells. Oncogene, 27, 2412-2421. 

52. Ramirez-CarrozzLV.R., Braas,D., Bhatt,D.M., Cheng,C.S., 
Hong,C, Doty.K.R., BlackJ.C, Hoffmann.A., Carey,M. and 
Smale,S.T. (2009) A unifying model for the selective regulation of 
inducible transcription by CpG islands and nucleosome 
remodeling. Cell, 138, 114-128. 

53. Rincon-Arano,H., Furlan-Magaril,M. and Recillas-Targa,F. 
(2007) Protection against telomeric position effects by the chicken 
cHS4 beta-globin insulator. Proc. Natl Acad. Sci. USA, 104, 
14044-14049. 



204 Nucleic Acids Research, 2014, Vol. 42, No. 1 



54. West,A.G., Huang,S., Gaszner,M., Litt,M.D. and Felsenfeld,G. 
(2004) Recruitment of histone modifications by USF proteins at a 
vertebrate barrier element. Mol. Cell, 16, 453^463. 

55. Litt,M.D., Simpson,M., Recillas-Targa,F., Prioleau,M.N. and 
Felsenfeld,G. (2001) Transitions in histone acetylation reveal 
boundaries of three separately regulated neighboring loci. EMBO 
J., 20, 2224-2235. 

56. West,A.G. and Fraser,P. (2005) Remote control of gene 
transcription. Hum. Mol. Genet., 14 Spec No 1, R101-111. 

57. Strahl,B.D. and Allis,C.D. (2000) The language of covalent 
histone modifications. Nature, 403, 41-45. 

58. Wang,Z., Zang.C, RosenfeldJ.A., Schones.D.E., Barski,A., 
Cuddapah,S., Cui,K., Roh,T.Y., Peng.W., Zhang.M.Q. et al. 
(2008) Combinatorial patterns of histone acetylations and 
methylations in the human genome. Nat. Genet., 40, 897-903. 

59. Otte,A.P., Kwaks.T.H., van Blokland.R.J., Sewalt,R.G, 
VerheesJ., Klaren,V.N., Siersma,T.K., Korse,H.W., 
Teunissen,N.C, Botschuijver,S. et al. (2007) Various expression- 
augmenting DNA elements benefit from STAR-Select, a novel 
high stringency selection system for protein expression. Biotechnol. 
Prog., 23, 801-807. 

60. Zahn-ZabaLM., Kobr.M., Girod,P.A., Imhof,M., Chatellard,P., 
de Jesus,M., Wurm,F. and Mermod,N. (2001) Development of 
stable cell lines for production or regulated expression using 
matrix attachment regions. J. Biotechnol., 87, 29^2. 

61. Farr,C, FantesJ., Goodfellow,P. and Cooke,H. (1991) Functional 
reintroduction of human telomeres into mammalian cells. Proc. 
Natl Acad. Sci. USA, 88, 7006-7010. 

62. HanishJ.P., YanowitzJ.L. and de Lange,T. (1994) Stringent 
sequence requirements for the formation of human telomeres. 
Proc. Natl Acad. Sci. USA, 91, 8861-8865. 



63. Barnett,M.A., Buckle,V.J., Evans.E.P., Porter,A.C, Rout,D., 
Smith,A.G. and Brown,W.R. (1993) Telomere directed 
fragmentation of mammalian chromosomes. Nucleic Acids Res., 
21, 27-36. 

64. Ferrari, S., Simmen,K.C, Dusserre,Y., Muller,K., Fourel,G, 
Gilson,E. and Mermod,N. (2004) Chromatin domain boundaries 
delimited by a histone-binding protein in yeast. /. Biol. Client., 
279, 55520-55530. 

65. Gronostajski.R.M. (2000) Roles of the NFI/CTF gene family in 
transcription and development. Gene, 249, 3 1 — 45. 

66. Alevizopoulos,A., Dusserre,Y., Tsai-Pflugfelder,M., von der 
Weid,T., Wahli,W. and Mermod,N. (1995) A proline-rich TGF- 
beta-responsive transcriptional activator interacts with histone H3. 
Genes Dev., 9, 3051-3066. 

67. Esnault,G., Majocchi,S., Martinet,D., Besuchet-Schmutz,N., 
BeckmannJ.S. and Mermod,N. (2009) Transcription factor CTF1 
acts as a chromatin domain boundary that shields human 
telomeric genes from silencing. Mol. Cell Biol., 29, 2409-2418. 

68. Woo.Y.H. and Li,W.H. (2011) Gene clustering pattern, promoter 
architecture, and gene expression stability in eukaryotic genomes. 
Proc. Natl Acad. Sci. USA, 108, 3306-3311. 

69. Ebisuya,M., Yamamoto,T., Nakajima,M. and Nishida,E. (2008) 
Ripples from neighbouring transcription. Nat. Cell Biol., 10, 
1106-1113. 

70. Wang,G.Z., Lercher,M.J. and Hurst, L.D. (2011) Transcriptional 
coupling of neighboring genes and gene expression noise: evidence 
that gene orientation and noncoding transcripts are modulators of 
noise. Genome Biol. Evol., 3, 320-331. 

71. Woo,Y.H. and Li,W.H. (2012) Evolutionary conservation of 
histone modifications in mammals. Mol. Biol. Evol., 29, 
1757-1767. 



